The optical properties of YAG:Ce phosphor were measured by a double-integrating-sphere system and calculated by Mie theory and Monte Carlo ray tracing to provide precise optical characterizations of YAG:Ce phosphor for white light-emitting diode (LED) packaging design. Measurement results showed that the phosphor presents strong absorption for blue light, high reflection for yellow light, and an isotropic emission pattern of converted light. The conversion efficiency and quantum efficiency for the saturated phosphor are around 70% and 87%, respectively. Based on the measurement results, the absorption coefficient, scattering coefficient, and anisotropy factor of the phosphor calculated by Mie theory were compared with those calculated by ray-tracing simulation to modify Mie theory to find a reasonable method that can easily obtain the optical constants of YAG:Ce phosphor. Comparisons revealed that Mie theory can predict the variation of the optical constants of phosphor, but the absorption and scattering cross sections should be multiplied with two fitting parameters. The fitting parameters have been given in this study and can be obtained by testing packaged LEDs with different phosphor concentrations.
Introduction
White light-emitting diodes (LEDs) have been characterized as the future illumination styles to replace traditional light sources due to their superior features, such as small size, low power consumption, high efficiency, long life, and variable color [1] [2] [3] [4] . Phosphor-converted LED (pcLED) is one of the most promising technologies to obtain high-quality white LEDs [5] [6] [7] . This promotes the rapid development of phosphor materials, including Ce 3þ -doped garnet materials [8] and Eu 2þ -activated nitride and silicate compounds [9] [10] [11] . Among these materials, YAG:Ce phosphor currently presents the highest quantum efficiency, the best optical-thermal stability [12] , and the widest waveband [9] , and is, therefore, chosen for the generation of natural and cool white LEDs. The multiphosphor converted warm white LEDs also prefer YAG:Ce phosphor to be the yellow-green spectra converter to increase the luminous efficiency.
However, the packaging issues caused by phosphor materials and the further penetration of white LEDs into general illumination demand a profound understanding of the optical properties of phosphor [13] . Previous studies have revealed that phosphor optical properties have remarkable impacts on LED packaging performance, such as light extraction [14] [15] [16] [17] [18] [19] [20] , spatial color distribution [21, 22] , and color quality [7, 9] . These studies normally apply the Monte Carlo method for the optical simulation of LED packaging, in which the phosphor layers were considered to be Mie scattering materials. The issue is that the optical definitions of the phosphor in these simulations suffered from lack of precise phosphor optical constants verified by experiments. Most of studies about YAG:Ce phosphor focused on the photoluminescence and the excitation and emission spectra, and lacked a substantial consideration of the light scattering, which is essential for white LED packaging. Narendran et al. [18] , Zhu et al. [23] , and Kang et al. [24] tested the optical properties of YAG:Ce phosphor and presented improved packaging methods based on their studies. The issues are that the phosphor layer in [23] was not a uniform film, in [24] it was coated on the chip for test, and the incident light in [18] was divergent and can result in high reflection. These issues affected the true performance of the phosphor. In addition, the optical constants of the phosphor were not clearly given in [18, 23, 24] . This causes the further research of LED packaging design to be difficult. Therefore, it is important to develop an improved measurement platform and determine the optical constants of YAG: Ce phosphor by numerical analysis.
A double-integrating-sphere system has been used extensively for the measurement of bulk scattering materials [25, 26] . This system collects the transmitted light and reflected light for the tested materials and then obtains the optical constants by numerical calculations. Mie theory is one of the most adopted theories. Considering that YAG:Ce phosphor is a fluorescent material and will present some features unlike those of traditional scattering materials, this paper applied a Monte Carlo ray tracer to examine the Mie theoretical results and determined the optical constants by ray-tracing simulation. Section 2 introduces the measurement platform and the experimental method for YAG:Ce phosphor based on its photoluminescence properties. Section 3 presents the measurement results and a short discussion about the effects of the phosphor properties on LED packaging. In Section 4, a detailed Mie theoretical calculation is given and then modified by Monte Carlo ray-tracing simulation. In Section 5, by modifying the absorption and scattering cross sections of the phosphor, a revised Mie calculation method of the optical constant of YAG:Ce phosphor is proposed to facilitate the optical design of white LEDs.
Description of Measurement Platform
As shown in Fig. 1 , the measurement platform is a double-integrating-sphere system with a parallel incident light source to excite YAG:Ce phosphor. Before the measurement, the fluorescence of the phosphor has been tested by a spectrofluorimeter, FP-6500 from Jasco, as shown in Fig. 2 . In white LED packaging, the main concerns are the absorption and scattering properties of YAG:Ce phosphor for blue light emitted from the chip and converted light emitted from itself. Therefore, the measurement platform used two color LEDs with peak wavelengths of 455 and 595 nm as the light sources. Diameters of the two integrating spheres are 150 mm. Diameters of the apertures are 30 mm. The phosphor slide was composed of a 2 in: (5 cm) diameter glass and a thin phosphor film. The thickness of the glass is 0:9 mm. To fabricate the phosphor film, the first step was dispensing the mixture of YAG:Ce phosphor powder and silicone on one glass slide with two spacers. Then, another glass slide precoated with Teflon was pressed on the mixture, the thickness of which was limited by the two spacers. This glass was removed after the curing of the phosphor silicone. The thickness of the phosphor films was changed from 0.06 to 0:3 mm, and the concentration was changed from 0.2 to 0:5 g=cm 3 . A spectrophotometer, PMS-50 from Everfine, was used to test the transmitted light spectra and reflected light spectra with the light power converted by a photomultiplier tube. The benefits of this measurement platform are that the influences of chip absorption and phosphor shape on the phosphor properties have been reduced to the minimum and the parallel incident light can avoid the potential test errors by divergent incident light [18] .
For blue light (455 nm) excitation, the spectra of transmitted light and reflected light are divided into two parts at 490 nm. Light with spectra from 380 to 490 nm is defined as unconverted blue light, and light with spectra from 490 to 780 nm is defined as converted light. For yellow light (595 nm) excitation, since no converted light is emitted from the phosphor film, both the transmitted light and reflected light are sorted as the yellow light. The total optical power of the blue light and the yellow light was tested before the adding of the phosphor slide in the aperture, and are denoted as P total . The optical power of transmitted light and reflected light are denoted as P T and P R . This study sets the transmittance and reflectance as the ratios of P T to P total and P R to P total , respectively.
Results and Discussions
The experimental results are displayed in Fig. 3 . For simplicity, the reflectance and transmittance for the unconverted blue light (455 nm) and the yellow light (595 nm) are denoted as η BR , η BT , η YR , and η YT , and the converted light from phosphor are denoted as η CR and η CT .
Comparing Fig. 3 (a) with Fig. 3(b) , it can be found that the YAG:Ce phosphor presents remarkable high absorption for the blue light and causes rapid attenuation of η BT and small reduction of η BR when the phosphor thickness and the concentration increase. With the increase of the phosphor thickness and the concentration, η YT is also reduced, but η YR is increased quickly. This is mainly because, during the light propagation, the backward-scattered blue light is further absorbed by the phosphor particles, whereas the backward-scattered yellow light can emit out due to the weak absorption of the phosphor. Therefore, in white LED packaging, once the blue light emits out of the chip, the light loss caused by the chip absorption will be small. Oppositely, since most of the extracted blue light is absorbed by the phosphor, the high η YR can affect the light extraction significantly by the multiple reflection of the converted light between the phosphor layer and the chip. In traditional white LED packaging, with the phosphor directly coated on the chip surface, this multiple reflection can result in high chip absorption for the converted light. Therefore, the luminous efficiency will be reduced and the LED color will tend to be high correlated color temperature (CCT).
The emission performance of the converted light of YAG:Ce phosphor in Fig. 3(c) is another reason affecting LED packaging performance. It can be found that η CT and η CR present similar values and tendencies as the phosphor thickness and the concentration increase. This indicates that the emission pattern of a phosphor particle may be isotropic. To better understand the conversion and emission behaviors of the phosphor, the conversion efficiency η CE and the ratio of η CT to η CR are shown in Fig. 4 . Results reveal that η CE of the saturated phosphor is slightly higher than 70% and η CT =η CR is approximately 1.05-1.15. According to [15] , the conversion efficiency is a multiplication of the Stokes efficiency and the quantum efficiency of the phosphor. The dominant wavelength of the converted light is approximately 562 nm. Therefore, the Stokes efficiency is around 81% and the quantum efficiency is around 87%. For cases with low concentration and thin thickness, the unsaturated phosphor demonstrates lower η CE . If the thickness is too thick or the concentration is too high, the oversaturated phosphor causes more converted light to be backreflected. In white LED packaging, the low η CE is the intrinsic property of the phosphor and can only be improved by the quantum efficiency. However, the isotropic emission pattern of the converted light means that approximately half of the converted light must suffer the multiple reflection between the phosphor layer and the chip. A rough estimation of 25% of the converted light will be lost due to the chip absorption during the multiple reflection for the traditional white LEDs.
Therefore, the traditional packaging method is not an ideal packaging configuration for light extraction. If the reflected portion of the converted light can be totally extracted by reducing the light loss caused by the chip absorption and other factors to obtain an ideally packaged white LEDs, for example, the planar remote phosphor packaging [14] , the hemispherical remote phosphor packaging [17] , and the LED coated with a photonic crystal layer [20] , a theoretical estimation for the improvement of light extraction can be as high as 10% [17] .
Calculation of Optical Constants
The scanning electron microscope (SEM) photograph of the measured YAG:Ce phosphor and the particle size distribution data are displayed in Fig. 5 . It can be found that the shapes of phosphor particles are nonspherical and vary significantly. SiO 2 particles are added into the phosphor to enhance the light scattering for stronger phosphor absorption of the blue light. The sizes of SiO 2 are normally distributed from 0.5 to 1 μm and the sizes of phosphor particles are normally distributed from 0.7 to 6 μm. To facilitate the following calculation of the optical constants of the phosphor, the size distribution data are approximated by normal and lognormal functions [27, 28] .
The size distribution data of SiO 2 are approximated by a normal function f s ðrÞ:
where the mean radius μ 1 is 0.55, the standard deviation σ 1 is 0.15, and ε s is a fitting parameter. Radius r s is in the range of 0:5-1 μm. The size distribution data of phosphor particles are approximated by a lognormal function f phos ðrÞ:
where the mean radius μ 2 is 2.3, the standard deviation σ 2 is 0.3, and ε phos is a fitting coefficient. Radius r phos is in the range of 0:7-6 μm. Therefore, the size distribution function f ðrÞ of the phosphor is expressed as
The cumulative function FðrÞ is an integration of f ðrÞ:
FðrÞ is approximately 1 when r is integrated from 0.5 to 6 μm. Therefore, the particle size distribution has a good description by these approximation functions. It should be noticed that the particle size distribution data for nonspherical particles, such as the phosphor, can be varied by different measurement equipment, test methods, and material samples. Therefore, the approximation functions here are not suitable for all cases. Since our measurement platform used two color LEDs as the light sources and the true optical constants of the phosphor cannot be directly determined by the measurement results using the many-flux theory, this study applies two steps to obtain precise optical constants of the phosphor. The first step is a Mie theoretical calculation that considers SiO 2 and phosphor particles as spheres and obtains the initial optical constants according to Mie theory. The second step is a Monte Carlo ray-tracing simulation, which constructs the optical model of the measurement platform and approximates the simulation results to the measurement results by adjusting the optical constants based on the Mie theoretical results [27] . 
A. Mie Theoretical Calculation
According to Mie theory [27, [29] [30] [31] [32] [33] [34] [35] , the optical constants of the phosphor, which are the absorption coefficient μ abs ðλÞ, scattering coefficient μ sca ðλÞ, and anisotropy factor gðλÞ, can be calculated by 
where NðrÞ is the number density distribution of particles (per cubic millimeter), C abs ðλ; rÞ and C sca ðλ; rÞ are the absorption and scattering cross sections (per square millimeter), pðθ; λ; rÞ is the phase function, λ is the wavelength of the incident light (nanometers), and θ is the scattering angle.
NðrÞ is composed of the SiO 2 number density N s ðrÞ and the phosphor particle number density N phos ðrÞ. Theoretically, NðrÞ has the same curve as f ðrÞ, which describes the number density distribution of the unit phosphor. Therefore, for one specific phosphor concentration, NðrÞ can be calculated by multiplying f ðrÞ with the number density coefficient K N :
K N denotes the number of the unit phosphor for one phosphor concentration. To obtain K N , we should first know the mass distribution MðrÞ (milligrams) of the unit phosphor. MðrÞ can be expressed by where V is the volume of single particle, ρ s is the density of SiO 2 , and ρ phos is the density of the YAG:Ce crystal. In this calculation, ρ s and ρ phos are 2.2 and 4:6 mg=mm 3 , respectively. Figure 6 is the calculated curve of MðrÞ. Integrating MðrÞ can obtain the total mass of the unit phosphor. If the phosphor concentration c (milligrams per cubic millimeter) of the mixture is known, K N can be obtained by
According to Eq. (10), we find that K N has a linear relationship with c. This means that NðrÞ is linearly increased with the increase of c. In Eqs. (5) and (6), theoretically, C abs ðλ; rÞ and C sca ðλ; rÞ are independent of c. Therefore, as the expected behavior according to the general Kubelka-Munk theory [28, 36, 37] , μ abs ðλÞ and μ sca ðλÞ should also have a linear relationship with c. This will be verified in the following calculations.
In Mie theory, C abs ðλ; rÞ and C sca ðλ; rÞ are normally calculated by the following relations:
where C ext is the extinction cross section, k is the wavenumber (¼2π=λ), and a n and b n are the expansion coefficients with even symmetry and odd symmetry, respectively. a n and b n are calculated by a n ¼ mψ n ðmxÞψ n 0 ðxÞ − ψ n 0 ðmxÞψ n ðxÞ mψ n ðmxÞξ n 0 ðxÞ − ψ n 0 ðmxÞξ n ðxÞ ; ð14Þ
where x is the size parameter (¼kr), m is the relative refractive index of particles, and ψ n ðxÞ and ξ n ðxÞ are the Riccati-Bessel functions.
In the mixture of phosphor and silicone, the refractive index of embedded silicone (n sil ) is 1.53, and the refractive index of SiO 2 (n s ) is 1.44. Silicone and SiO 2 both are considered to be transparent for the blue light and the yellow light. The refractive index of the phosphor particle n phos has a complex form: where
phos is obtained by
where α is the absorption coefficient of the phosphor crystal.
Although the optical properties of YAG:Ce crystal have been studied extensively, α varies in a wide range due to the different Ce doping concentrations, crystal growth methods, and measurement equipment [38] [39] [40] [41] [42] . The variation of α is normally in the range of 3-8 mm −1 for the blue light. But for YAG: Ce optical ceramics, which is composed of small crystal grains, light absorption is significantly enhanced and α can be higher than 15 mm −1 [40] . This is due to the multiple internal reflections in the grain, which increases the total light absorption. Considering that the tested phosphor is crystalline powder and can also present high α, this study sets α varied from 8 to 20 mm −1 to investigate the variations of C abs ð455 nmÞ and C sca ð455 nmÞ for the blue light. Figure 7 shows the calculated results of C abs ð455 nmÞ and C sca ð455 nmÞ. According to Eqs. (5), (6) , and (10), μ abs ð455 nmÞ and μ sca ð455 nmÞ are calculated and shown in Fig. 8 .
From Fig. 7 , it can be found that the scattering cross section is one magnitude larger than the absorption cross section, meaning that the phosphor presents strong scattering effect and thereby results in high absorption for the blue light. In Fig. 8 , the absorption and scattering coefficients are linearly increased with the increase of the phosphor concentration, indicating that changing the phosphor concentration is a direct approach to control the color of white LEDs. According to the Lambert-Beer law [28, 43, 44] ,
where I is the transmitted light power, I 0 is the incident light power, μ ext is the extinction coefficient, and z is the phosphor thickness. μ ext normally has a relation with μ abs and μ sca as [44] 
Therefore, both the increases of the phosphor thickness and the concentration will cause an exponential decrease of I, which is also found in our results in Fig. 3 . To make the color of white LED products the same when the phosphor thickness or the concentration varies, the phosphor concentration or the thickness should be oppositely changed to generate the same I. This will be difficult for white LEDs with very high phosphor concentration, since the phosphor layer may be too thin and may be damaged during the handling. For the yellow light, α is normally lower than 0:5 mm −1 [38] [39] [40] [41] [42] . Like the calculations for the blue light, C abs ð595 nmÞ, C sca ð595 nmÞ, μ abs ð595 nmÞ, and μ sca ð595 nmÞ are obtained by changing α from 0:1-0:5 mm −1 . The theoretical results are shown in Figs. 9 and 10 .
In Figs. 9 and 10, C abs ð595 nmÞ and μ abs ð595 nmÞ are almost 3 magnitudes smaller than C sca ð595 nmÞ and μ sca ð595 nmÞ, meaning that the phosphor absorption for the yellow light is very low and the strong scattering effect is the dominant factor affecting the light output. Comparing Figs. 7 and 8 with Figs. 9 and 10, it can be found that variations of C sca ðλÞ and μ sca ðλÞ are very small when the incident light is changed from the blue light to the yellow light. This indicates that the scattering properties of phosphor in the whole visible light are similar and it is the variation of the absorption properties for different light generating the differences of Figs. 3(a) and 3(b) .
The final optical constant that should be determined is gðλÞ, for which the phase function should be first obtained. For small spheres, the phase function pðθ; λ; rÞ can be calculated according to [30, 32] pðθ; λ; rÞ ¼ 4πβðθ; λ; rÞ k 2 C sca ðλ; rÞ ; ð22Þ where βðθ; λ; rÞ is the dimensionless scattering function, which is obtained by the scattering amplitude functions S 1 ðθÞ and S 2 ðθÞ:
where P 1 n ðcos θÞ is the associated Legendre polynomial.
According to Eq. (7), the theoretical results of gðλÞ are calculated and shown in Fig. 11 . Results show that the variation of α has slight impact on g, and the increase of gðλÞ by α is so small that the increase can be neglected. Therefore, the theoretically reasonable values of gð455 nmÞ and gð595 nmÞ are around 0.90 and 0.89, respectively. A point that should be noticed is that gð595 nmÞ is a little lower than gð455 nmÞ. Generally, the anisotropy factor of particles for a long wavelength should be larger than that for a short wavelength. It means that the particles should present stronger a scattering effect for a short wavelength. This theoretical result will be modified in the following ray-tracing simulation.
B. Ray-Tracing Simulation
In the optical model of the measurement platform, the blue light or the yellow light is emitted from the top surface of the chip with a Lambertian radiation pattern. The material of the lenses is BK7 from Schott. The inner surfaces of the two integrating spheres are coated with a diffuse white material having optical properties of 11.1% absorption and 89.9% scattering. The support glass of the phosphor slide is also BK7 glass. The inner surfaces of the integrating spheres are used as the receivers to collect the transmitted and reflected light.
The Monte Carlo method is applied for the ray tracing of the optical model. Phosphor is considered to be a Mie scattering material. Since the ray tracing cannot directly compute the scattering directions of the light in the phosphor, the Henyey-Greenstein function is used as an approximation of the generation of the angular scattering. This function is [29, 30] 
where g is obtained from the results of Fig. 11 . We first applied the Mie theoretical results with no change in the optical model. However, the raytracing results showed that the transmittance was significantly higher than that of the measurement results and the absorption for the blue light was lower than that of the measurement results. Three reasons result in these differences. They are the lower μ abs ðλÞ, lower μ sca ðλÞ, and higher gðλÞ, when comparing with the true values. Therefore, three methodologies were adopted in the following simulations to obtain more precise optical constants. The methodologies were keeping one of three constants unchanged in sequence and at the same time adjusting the other two constants to approximate the measurement results. We denoted the three methodologies as ray-tracing I, II, and III.
In ray-tracing I, μ abs ðλÞ was unchanged. According to Eqs. (20) and (21), changing μ sca ðλÞ and gðλÞ can make the transmitted light approximate the measurement results. We found that increasing μ sca ðλÞ or lowering gðλÞ can realize similar transmittance as the measurement results, but the reflectance is always larger than that of the measurement results. If the reflectance has a good match with that of measurement results, the transmittance will be larger. The errors between the ray-tracing results and the measurement results can be larger than 10% in some thicknesses and concentrations of the phosphor. This means that μ abs ðλÞ of Mie results is smaller than the actual value and cannot generate enough phosphor absorption for the incident light.
In ray-tracing II, μ abs ðλÞ and gðλÞ were changed. Since the variations of μ sca ðλÞ of Mie results by α are small, the ray-tracing simulation chose the average value as the initial μ sca ðλÞ. By adjusting μ abs ðλÞ and gðλÞ, the optical approximation can reduce the errors between the ray-tracing results and the measurement results to be smaller than 5% for all phosphor thicknesses and concentrations. The modified μ abs ðλÞ and gðλÞ are shown in Figs. 8, 10 , and 12. From  Fig. 8 , it can be seen that the change of μ abs ð455 nmÞ of the ray-tracing results shows a similar tendency as that of the Mie theoretical results with α ¼ 20 mm −1 . For the yellow light, the tendency of μ abs ð595 nmÞ of the ray-tracing results cannot present a good match with that of the Mie results. This may be because the phosphor absorption for the yellow light is very low and the strong scattering effect weakens the differences of the phosphor absorption in different phosphor concentrations. This causes the slight changes of μ abs ð595 nmÞ of the ray-tracing results, as shown in Fig. 10 . Comparing with Fig. 8 , we believed that a reasonable value of α for the yellow light is in the range of 0:2-0:4 mm −1 . Figure 12 gives gðλÞ of the ray-tracing results, which is lower than that of the Mie theoretical results. Unlike the Mie results, it can be found that gð595 nmÞ is higher than gð455 nmÞ in the ray-tracing results. This is more reasonable for the actual light scattering.
In Fig. 12 , there is a sudden decrease of gðλÞ at the concentration of 0:25 g=cm 3 . μ abs ðλÞ also shows a small decrease at the concentration of 0:20 g=cm 3 in Figs. 8 and 10 . This may be caused by the test errors and local inhomogeneity of the phosphor powder in the samples. When the phosphor concentration decreases, the local inhomogeneity has more significant effects on the light scattering and causes variations of gðλÞ and μ abs ðλÞ similar to the ray-tracing results.
In ray-tracing III, gðλÞ was unchanged. The raytracing simulation set gð455 nmÞ and gð595 nmÞ to be 0.9 and 0.89, respectively. By controlling the errors between the ray-tracing results and the measurement results to be smaller than 5%, the modified μ abs ðλÞ and μ sca ðλÞ are shown in Figs. 8 and 10 . It can be found that μ sca ðλÞ of the ray-tracing results presents a tendency similar to that of the Mie results, but the values are higher. Another point that should be noted is that the differences of μ abs ðλÞ between the results of ray-tracing II and III are very small. This indicates that, when the absorption property of the phosphor has been correctly determined, both the change of μ sca ðλÞ and gðλÞ can realize the same light-scattering effects.
Therefore, according to Eq. (21), a reduced scattering coefficient δ sca ¼ μ sca ð1 − gÞ is introduced to describe the scattering property of the phosphor to give better comparisons of the Mie results and the ray-tracing results. The comparisons are shown in Fig. 13 . It can be seen that the values of δ sca in the results of ray-tracing II and III are almost coincident, implying that δ sca is more precise in the description of the light scattering of the phosphor. Results also show that δ sca ð595 nmÞ is larger than δ sca ð455 nmÞ in the Mie theoretical results but smaller than δ sca ð455 nmÞ in the ray-tracing results. This means that Mie theory is not accurate enough in the description of the scattering property of the phosphor when the incident light changes from the excitation spectra to the emission spectra. In addition, the differences between δ sca ð455 nmÞ and δ sca ð595 nmÞ in the raytracing results are smaller than those in the Mie theoretical results. Therefore, the scattering property of the phosphor in the whole visible spectra will be similar.
Finally, a precise result of the optical constants of the phosphor material has been obtained by the raytracing simulation. This ray-tracing simulation also provides a rough estimation method of the optical constants of YAG:Ce phosphor. From Figs. 8 and 13 , it can be found that both μ abs ðλÞ and δ abs ðλÞ of the raytracing results are generally larger than those of the Mie theoretical results. For the blue light, the ratios of μ abs ð455 nmÞ between the ray-tracing results and the Mie theoretical results are normally around 1.47, and the ratios of δ abs ð455 nmÞ are normally around 1.63. For the yellow light, the actual values of δ sca ð595 nmÞ are a little lower than those of δ sca ð455 nmÞ of the ray-tracing results, and the ratios between the ray-tracing results and the Mie theoretical results are normally around 1.27. The actual values of μ abs ð595 nmÞ are almost the same and can be defined to be a very low value, according to Fig. 10 . Therefore, in the optical design of white LED packaging, the optical constants of YAG:Ce phosphor can be roughly obtained by multiplying Mie theoretical results with these ratios.
Revised Mie Calculation of Optical Constants
As a prospect, the Mie theoretical results and the ray-tracing results are further discussed here to find whether the Mie theory can be revised by a simple method to give a more precise description of the phosphor optical properties. This is because Mie theory is widely used in most commercial optical software, such as Lighttools, Tracepro, and ASAP, which normally treat the phosphor scattering as Mie scattering to realize the optical simulation of white LED packaging. Revised Mie calculation of the optical constants can provide reasonable supports in the optical simulation and make the software more powerful in LED packaging design.
In the final part of Section 4, the ratio coefficients are declared to modify the Mie theoretical results. This is not accurate enough from the theoretical view. The real reason for the differences between the Mie theoretical results and the ray-tracing results is that the extinction cross section of Mie theory is smaller than the actual cross section. With the size distribution data used in Mie theory, it is difficult to reflect the true sizes of phosphor particles due to their nonspherical shapes. Therefore, the method of treating nonspherical phosphor particles to be spheres by Mie theory reduces the actual extinction cross section. A simple method is modifying C abs ðλÞ and C sca ðλÞ by two fitting parameters k abs and k sca as
According to Eqs. (5)- (7) and (22), μ abs ðλÞ, μ sca ðλÞ, and gðλÞ will be revised to be
Therefore, δ sca ðλÞ will be revised to be If k abs and k sca can be determined by some measurement systems, for example, 45=0 geometry with a daylight lamp [28] , a spectrofluorimeter with a white light source and a yellow filter [43] , and the double-integrating-sphere system here, the revised Mie calculation will give a precise prediction of the phosphor optical properties. In our experiments, k abs for the blue light is around 1.47. k sca for the blue light and yellow light are around 1.06 and 1.03, respectively. Therefore, Mie theory has a good description of the phosphor scattering but has difficulty in the description of the phosphor absorption.
This revised Mie calculation method also makes the optical constants of YAG:Ce phosphor more simply obtained by studying white LEDs with different phosphor concentrations. Kang et al. [24] first theoretically studied the optical model of white LEDs by Lambert-Beer law and gave the optical constants of the phosphor by their white LED samples. The theoretical method developed by Kang et al. [24] is effective but not precise enough, since the multiple reflection discussed in Section 2 was not seriously considered in their studies. This causes the optical constants to be larger than the actual values. Combining the revised Mie calculation with their method can reduce the calculation errors. Finally, the raytracing simulation should also be applied to examine the optical model of white LED to determine the correction of k abs and k sca .
Conclusion
A measurement of the optical properties of YAG:Ce phosphor was conducted by the double-integratingsphere system. The measurement results revealed the factors affecting the optical performance of white LEDs by the phosphor. Generally, the strong scattering for the yellow light and the isotropic emission pattern are the main factors and have prompted great efforts to eliminate their adverse effects. Because the light sources in our measurement platform were two color LEDs, rather than monochromatic light, both Mie theoretical calculation and Monte Carlo ray-tracing simulation were used to obtain precise optical constants of the phosphor, including the absorption coefficient, scattering coefficient, and anisotropy factor. Numerical results showed that Mie theory is effective in the prediction of the tendencies of the optical constants as the phosphor concentration changes. However, the method of treating nonspherical phosphor particles to be spheres causes the absorption and scattering cross sections to be smaller than the actual cross sections. Revisions of the absorption and scattering cross sections with two fitting parameters can improve the accuracy of Mie theoretical results and make the Mie theory suitable for the optical design of LED packaging. The fitting parameters can be obtained by a measurement of the optical properties of phosphor films or a numerical analysis of white LEDs with various phosphor concentrations. This study only obtains the fitting parameters for the two color LEDs. From the view of a complete and correct measurement, the light source should use a daylight source that is sampled by a monochromator to generate monochromatic light covering the visible spectra range [28, 43] , and this will be our future work.
